Objectives: This study examined the effect of pain interference and attentional interference on the anticipatory postural adjustments of trunk muscles in patients with nonspecific chronic low back pain.
P hysical activities involving trunk perturbations (anticipated or not) can induce neuromuscular or vertebral movement errors (unstable spine) and, consequently, may lead to injury (ie, spinal column buckling), as suggested by Panjabi's 1 theoretical model. To control spinal stability, the central nervous system (CNS) must orchestrate a fine-tuned coordination of trunk muscles involving feedback (reflex) and feedforward [anticipatory postural adjustments (APAs)] control mechanisms. 1 APAs are activation of the trunk muscles in preparation for a postural perturbation and are thereby preprogrammed by the CNS, more specifically in the supplementary and primary motor cortex.
Delayed APAs have been shown in patients with chronic low back pain (CLBP) for deep trunk muscles such as the transversus abdominis (TrA), 2, 3 internal oblique (IO), 2, 3 and lumbar multifidus (LM), 4 using an assessment paradigm that challenges lumbar stability. This assessment requires the participant to perform a rapid arm movement, which inherently perturbs the trunk. Interestingly, TrA APAs correlate with the extent to which the area of that muscle's representation within the motor cortex becomes remodeled in people with recurrent back pain. 5 Furthermore, delayed LM APAs have been observed in people having recurrent back pain, despite the resolution of symptoms, which makes delayed APAs a candidate mechanism for recurrent episodes. 4 Noxious stimulation can induce similar delayed APAs. 6 However, different candidate mechanisms can be involved. The "alternate postural strategy" hypothesis suggests that a preparatory trunk motion is adopted to help cope with the altered demands associated with pain or threat of pain so as to limit the amplitude and velocity of trunk excursions. This hypothesis has been supported by studies involving healthy individuals 7, 8 and patients with back pain. 9 The "pain interference" hypothesis suggests that the various dimensions (sensory, emotional, cognitive) of pain disrupt CNS performance because pain is prioritized by the CNS, which inherently impacts motor control processes. Studies carried out on healthy individuals in which fear of pain (threat of pain) was increased showed delayed APAs, 6, 8, 10 giving some support to this hypothesis. Another possibility is related to the "attentional interference" hypothesis proposing that the cognitive load associated with pain processing competes for the limited CNS attentional resources, which again would impact motor control processes. This hypothesis can be tested by adding a cognitively challenging task (dualtasking) during the rapid arm movement task. This has been done once before, again on healthy individuals, 6 but the results were opposite (earlier instead of delayed APAs) to what is observed in patients with back pain. However, considering the lower cognitive capacities of patients with CLBP, as evidenced by their lower psychomotor speed and impaired short-term memory, 11, 12 attentional interference might be more likely in these patients, which could lead to different findings.
Considering that most of the previous research has been carried out on healthy individuals, the purpose of this study was to attempt to extend previous findings on the testing of pain interference and attentional interference to patients with CLBP. In fact, pain and attention are processed by different CNS resources, 13, 14 which supports the separate testing of these 2 phenomena. To test for pain interference, patients with CLBP were divided into subgroups according to different pain-related clinical characteristics (pain intensity, pain catastrophizing, fear of movement). Attentional interference was tested by varying the task load and the cognitive load (dual-tasking) during the rapid arm movement task. Of special interest was the interaction between pain interference and attentional interference, considering that high-intensity pain 15 and pain catastrophizing 16, 17 are associated with attentional interference, as further substantiated with functional magnetic resonance imaging of cortical responses to pain. 18 The available literature on this specific topic is in its infancy, which prevented drawing specific directional hypotheses. Consequently, this is a hypothesis-generating study on possible pathophysiological pathways linking pain-related psychological factors, neuromuscular function, chronic pain, and disability.
MATERIALS AND METHODS

Participants
Sixty individuals with CLBP (30 women) aged between 18 and 55 were recruited. However, 1 woman was excluded because of technical problems, leaving 59 participants with the following characteristics (mean ± SD): age (men: 40 ± 9 y; women: 40 ± 8 y), height (men: 1.75 ± 0.07 m; women: 1.62 ± 0.06 m), and weight (men: 76 ± 12 kg; women: 65 ± 13 kg). These participants were recruited through the Montreal Rehabilitation Institute and newspaper advertisements in Montreal, QC. Inclusion criteria were as follows: lumbar or lumbosacral pain with or without proximal radicular pain (limited distally at the knees), and the presence of chronic pain defined as a daily or almost daily pain for at least 3 months. Exclusion criteria were as follows: surgery of the pelvis or spinal column; scoliosis; spondylolisthesis; systemic or degenerative disease; history of neurological diseases or deficits not related to back pain (eg, stroke, peripheral neuropathies, balance deficits); pregnancy; 1 positive response to the Physical Activity Readiness Questionnaire 19 ; and a body mass index above 30 kg/m 2 to obtain good surface electromyography (EMG) signals. All participants were informed about the experimental protocol and its potential risks and received written consent from them before their participation. The study and consent form were approved by the ethics committees of the Centre for Interdisciplinary Research in Rehabilitation of Greater Montreal (CRIR) and of McGill University.
Questionnaires
Four clinical and pain-related psychological variables were assessed: (1) pain intensity with a visual analog scale (VAS); (2) pain catastrophizing with the Pain Catastrophizing Scale (PCS) 20 ; (3) fear of movement or injury with the Tampa Scale of Kinesiophobia (TSK) 21 ; and (4) perception of disability with the Roland-Morris Disability Questionnaire (RDQ), 22 the latter being used only to further describe the study participant. Considering that pain catastrophizing is associated with attentional interference 17 and is also a main component of the fear-avoidance model, 23 we also investigated the role of another component of this model, namely fear of movement, because performing rapid arm movements might be threatening for some patients.
Measurement Techniques
The EMG signals from 4 pairs of back muscles, 3 pairs of abdominal muscles, and the anterior deltoids were collected (bandpass filter: 20 to 450 Hz; preamplification gain: 1000; sampling rate: 1024 Hz) with 16 pairs of active surface electrodes (model DE-2.3, Delsys Inc., MA). more specifically, after the skin at the electrode sites was shaved and abraded with alcohol, the electrodes were positioned bilaterally over the multifidus at the L5 level (B3 cm from the midline of the back), iliocostalis lumborum at L3 (B5 to 6 cm from midline), and longissimus at L1 (3 cm from midline) following recommendations with regard to muscle fiber direction. 24, 25 Two additional electrodes were positioned over the belly of the longissimus at the T10 level (B4 to 5 cm from midline). Bilateral recordings of the anterior deltoid, 26 rectus abdominis (RA), external obliques (EO), and also the combined activity of the TrA/IO 27, 28 were collected. The difficulty in capturing the multifidus muscle with surface electrodes 29 is acknowledged, and therefore the validity of the EMG signal was assigned to the landmarked location rather than to the multifidus muscle itself. Angular kinematics of the pelvis (sacrum), middle trunk (T12 vertebral level), upper trunk (T4 level), and both arms (midpoint between elbows and shoulders) were recorded (100 Hz) with a 3-dimensionalmotion system consisting of 5 inertial sensors (X-Sens Motion Technologies, Enschede, The Netherlands).
Submaximal Reference Contractions
To normalize selected EMG amplitude variables (preactivation assessment), submaximal referenced contractions were carried out according to published procedures that have been found to produce reliable results for abdominal 30, 31 and back muscles. 30 Maximal voluntary contractions were not considered because CLBP patients are often reluctant to produce such efforts, 32 thus invalidating this procedure. Three 5-second contractions, separated by 30-second rest intervals, were performed for each muscle group. Briefly, the abdominals were recruited while performing a double leg raise exertion (5 cm) in a supine crook lying position with hips flexed at 45 degrees and knees flexed at 90 degrees. 31 Back muscles were recruited while performing a double leg raise exertion (5 cm) in a prone position with the knees bent at 90 degrees. 30 For each muscle, the EMG root mean square (RMS) amplitude corresponding to each contraction was averaged across the trials to provide a reference voluntary electrical activity (RVE) value for normalization.
Rapid Arm Movement Task and Pain Attention Manipulation
Each participant was asked to raise the arm (left or right according to the experimental condition) forward as rapidly as possible to approximately 60 degrees but with special emphasis on the velocity of the movement. The participant was accustomed to the procedures and was allowed to practice (3 to 5 trials) before beginning the experimental conditions. Six experimental conditions, counterbalanced across the participants to control for any carryover effect, were fulfilled: (1) self-initiated right-arm movement ("selfinitiated" condition); (2) self-initiated right-arm movement and recalling the pain that was perceived during the task ("self-initiated/pain" condition); (3) right-arm movement as rapidly as possible in response to a right-direction arrow appearing on a screen ("light" condition); (4) arm movement as rapidly as possible in response to a visual stimulus involving a 2-choice reaction: a left-direction arrow triggering a left-arm movement and a right-direction arrow triggering a right-arm movement ("light/2-choice" condition); (5) memorization of a 2-digit number, right-arm movement as rapidly as possible in response to a right-direction arrow, then recalling the number at the end of the task ("light/ 2-digit" condition); and (6) similar to condition 5 but with 4-digit numbers ("light/4-digit" condition). Except in the light/ 2-choice condition in which 5 trials were carried out on each side, 5 repeated arm flexions were performed for each experimental condition, with a rest interval of 30 seconds between trials. In self-initiated conditions (conditions 1 and 2), a ready signal was provided on a screen and the participants were allowed to initiate the movement whenever they wanted. In the light-reaction conditions (conditions 3 to 6), the light stimulus appeared at a random time between 0.5 to 2 seconds after the ready signal. In conditions 5 and 6, the 2-and 4-digit numbers, which were changed at each trial according to a random number generator, appeared for 1 second before the ready signal and the visual stimulus triggering the initiation of movement. Conditions 1, 3, and 4 were selected according to a previous protocol. 33 The self-initiated condition represents our control condition. The self-initiated/pain condition was introduced to test whether patients showing pain-related characteristics might react differently when they are asked to focus their attention on their pain during the task. Conditions 3 to 6 were introduced to test the attentional interference hypothesis and were designed to require different attention demands but without being stressful. Conditions 3 (light) and 4 (light/2-choice) were associated more with task load, whereas conditions 5 (light/2 digits) and 6 (light/4 digits) were associated with cognitive load.
Data Processing
A synchronization problem between the EMG and the other system components (trigger, stimuli on the screen, kinematics) prevented the computation of variables such as muscle reaction times (RT) as usually assessed with EMG onset. However, it was possible to compute the arm movement RT, as defined below.
Kinematics
All angles were zeroed in the upright posture to eliminate interindividual morphologic and posture variations. Except for the right-arm sensor, angular position signals were filtered using a fourth-order zero-lag Butterworth filter with a cutoff frequency determined with residual analysis. 34 Quintic splines were applied to the signals of the right-arm sensor to avoid filtering out the higher frequencies corresponding to the fast movement. Angular kinematics corresponding to motion in the sagittal plane were computed for the right arm (peak angular flexion, velocity, and acceleration) and the lumbar spine (angle at T12-angle of the sacrum). 9 RT was calculated as the time between the stimulus (arrow appearing on the screen) and arm movement onset, which was defined as the point when arm angular velocity exceeded 5% of peak arm angular velocity (Fig. 1) .
EMG
All EMG signals were first filtered using a notch filter to eliminate possible 60-Hz electrical noise and its harmonics (up to 420 Hz) and further filtered using a wavelet method to remove any electrocardiographic artifact 35 and then rectified using computerized methods. The approximated generalized likelihood ratio method 36 was used to identify EMG onsets using the following parameters: W = 100, h = 20, and Delta = 10. The approximated generalized likelihood ratio algorithm uses the log-likelihood ratio to estimate the probability of a portion of an EMG signal to pertain to a certain reaction variance compared with the baseline variance. 36, 37 The deltoid EMG onset was first searched from 500 ms before the arm movement onset, which has been defined above. Then the EMG onsets of the abdominal and back muscles were searched until 300 ms after the deltoid onset. Finally, the time (latency) between the onset of deltoid activity and the onset of muscle activation from the different back and abdominal muscles was computed ( Fig. 1) .
Latencies < À100 ms and >200 ms were rejected because they likely correspond to voluntary responses, which represented 1.8% of all cases here. Latencies <50 ms are FIGURE 1. Illustrations of kinematics (upper plot) and EMG (lower plot) recordings and outcome variables for a representative participant. In the upper plot, the arm and lumbar angles are shown. RT is defined as the latency between the light stimulus and the onset of arm movement. In the lower plot, the raw EMG recordings of deltoid and TrA/IO muscle activations are shown and the corresponding APA latency is defined between the TrA/IO EMG onset (in this example) and the common reference for all trunk muscles (deltoid EMG onset). APA indicates anticipatory postural adjustment; EMG, electromyographic; IO, internal oblique; RT, reaction time; TrA, transversus abdominis.
considered APAs (or feedforward activation) because 50 ms reflects the electromechanical delay of the anterior deltoid for the rapid arm flexion task. 38 The muscles meeting this APA criterion, according to the average APA values of the whole group (n = 59 participants), will be hereafter called APA muscles. For each experimental condition, the average latency corresponding to the 5 trials was computed. Trials performed with the left arm ("light/2-choice" condition) were not analyzed. Finally, the preactivation level of the trunk muscles was computed as the EMG RMS amplitude corresponding to one 50-ms epoch, from À50 to 0 ms relative to deltoid EMG onset, and normalized to their corresponding EMG RMS reference values obtained during the submaximal contractions.
Statistical Analyses
For each sex separately, the CLBP patients were first subdivided into 2 subgroups in 3 different ways, according to the score of the pain-related psychological variables, using the median as the threshold value (for men and women, respectively, VAS: 2.45 and 3.5 cm, TSK: 45.5/68 and 42/68, PCS: 24.5/52 and 24/52). This means that not exactly the same participants were in the "low" and "high" subgroups. Preliminary analyses revealed no sex-related main and interactive effects; thus, sex was not retained as an independent variable in the following analyses. Some of the variables were not normally distributed and were therefore transformed before any statistical analyses [analyses of variance (ANOVAs), Pearson correlations] were carried out. All analyses were done with NCSS statistical software (version 6.0 for Windows), using a significance level (a) of 0.05. For each dependent variable (angular kinematics, EMG onset latencies, normalized EMG RMS amplitudes), a 2-way ANOVA (2 GroupÂ 6 Attention) with repeated measures on the Attention factor was carried out to assess differences between the Groups, as defined using either VAS, TSK, or PCS scores, and the 6 experimental conditions manipulating pain attention.
Considering that the groups depend on the questionnaire used to split the participants, this factor will be hereafter identified as follows: Group/VAS, Group/TSK, or Group/PCS. In other words, for each of the EMG variables (onset latency, normalized EMG RMS amplitude), 42 ANOVAs [3 subgrouping methods (VAS, TSK, PCS) Â 14 muscles] were carried out. When the interaction was not statistically significant, post hoc comparisons were carried out using the Tukey test. Otherwise, post hoc comparisons consisting of between-group comparisons (t test) within each experimental condition and between-condition comparisons (1-way ANOVA for repeated measures) were done within each patient subgroup. Finally, for each muscle (n = 14 analyses), multiple linear regression analyses were carried out with EMG onset latency as the dependent variable and the pain-related variables (VAS, TSK, and PCS) as independent variables. A stepwise procedure was used, with the significance levels used for variable entry and removal from the regression models being 0.15 and 0.16, respectively.
RESULTS
Preliminary Results
Two-way ANOVAs (2 Group Â2 Sex) were first carried out to describe the effect of subgrouping the patients. As expected, the men were taller and heavier than the women, but the different patient subgroups (regardless of the subgrouping variable VAS, TSK, or PCS) were equal with regard to these variables. Age was also equivalent between groups and sexes. Subgrouping the patients using 1 pain-related variable (VAS, TSK, or PCS) led to a statistically significant Group effect for at least 1 other clinical variable (VAS, TSK, PCS, RDQ); however, no Sex or GroupÂSex effect was obtained in any case (Table 1 ). The upper-arm kinematics (maximal angular position, velocity, and acceleration) were comparable (P > 0.05) across the different patient subgroups and between the 6 experimental conditions, with the averaged (n = 59 participants) peak arm flexion ranging between 68 ± 23 degrees and 70 ± 20 degrees across the 6 experimental conditions, leading to P values ranging between 0.083 and 0.857.
Main Results
RT (Arm Movement)
No Group and no Group ÂAttention interaction reached statistical significance regarding RT, although the Group/VAS almost reached statistical significance (VAShigh: 394 ± 116 ms; VAS-low: 349 ± 113 ms; P = 0.064). An Attention main effect was detected (P < 0.001), showing significantly longer RTs during the "light/2-choice" condition (387 ± 90 ms) than during all the other non-selfinitiated conditions ("light": 366 ± 136 ms; "light/2-digit": 368 ± 126 ms; "light/4-digit": 364 ± 110 ms).
Trunk Muscle Latencies (Relative to Deltoid EMG Onset)
The mean latencies (across participants and experimental conditions) were considered as anticipatory ( < 50 ms) for several muscles, namely all back muscles (except L3-right) and EO-left and TrA/IO-left (Table 2) . Only 2 significant interaction effects that were of relatively small amplitude and were difficult (if not impossible) to interpret were found, and, consequently, only the main effects were described. Five statistically significant Group main effects (without interaction) were detected (Table 3) (Table 2 ). These correlations were mainly negative (range: À 0.11 to À 0.26) except in 4 cases (range: 0.13 to 0.16) involving both RA and TrA/IOright. Accounting for pain intensity (partial correlations with VAS as covariate) did not change the correlations between latencies and TSK or PCS (results not shown). Regression analyses were applied for the control (self-initiated) condition and for the condition showing an Attention effect (light/2-choice), as detailed below. The regression models explained between 4% and 24% of the variance in EMG onset latencies across the 14 muscles (Table 2) , with varying independent variables (VAS, TSK, and PCS) selected alone (VAS, TSK, or PCS) or in combination (VAS + PCS or TSK + PCS) in the final models.
An Attention effect (without interaction) followed by significant post hoc comparisons was detected (Table 3) for 4 muscles (L5-right, L1 and T10-left, and TrA/IO-left), as depicted in Figure 2 . In short, the "light/2-choice" condition produced delayed latencies relative to the "self-initiated/ pain" condition in all cases, to the "self-initiated" condition in 3 cases (L5-right, T10-left, and TrA/IO-left), and to the "light/2-digit" condition in 1 case (L5-right).
Trunk Muscle Preactivation Level
Again, only 3 significant interaction effects that were of relatively small amplitude and were difficult (if not impossible) to interpret were found, and, consequently, only the main effects are described. A significant Group effect was observed for 2 muscles, namely EO-left [VAS-low (26% ± 19% RVE) < VAS-high (33% ± 21% RVE)] and RA-right [TSK-low (13% ± 9% RVE) < TSK-high (21% ± 16% RVE)]. The statistically significant effects corresponding to the Attention factor are in line with the trunk muscle latency results, whereas they are much more numerous, as depicted for the back (Fig. 3) and abdominal (Fig. 4) muscles. In short, approximately the same muscles were involved, namely the APA muscles, and the same experimental conditions, namely the "light/2-choice," showing a decreased preactivation compared with the other conditions (especially Latency and Pearson correlations were computed from the pooled data across all participants and experimental conditions. Independent variables-VAS, TSK, PCS; dependent variable-latency. *Latency averaged values in bold characters identify muscles meeting the anticipatory postural adjustment criteria ( < 50 ms). wValues in bold characters identify statistically significant (P < 0.05) correlations. Shaded cells identify significant but positive correlations between latency and pain-related variables.
zSR using data from a given experimental condition (self-initiated or light/2-choice). EO indicates external obliques; IO, internal oblique; NS, not significant; PCS, Pain Catastrophizing Scale; RA, rectus abdominis; SR, stepwise regression; TrA, transversus abdominis; TSK, Tampa Scale for Kinesiophobia; variables, variables retained in the final model (P < 0.05); VAS, visual analog scale. the "self-initiated" and "self-initiated/pain" conditions). However, additional differences showing less activation during the "light" than during the "self-initiated" condition were also obtained for some muscles (L5-right, L1-left and right, EOleft, and TrA/IO-left).
Lumbar Kinematics
The rapid arm movement induced a maximal lumbar flexion (positive values = flexion; negative values = extension) ranging between À 6.8 and 10.2 degrees (mean ± SD: 3.5 ± 2.4 degrees) across the participants and experimental conditions, which is comparable with previously reported values. 9 None of the GroupÂ Attention ANOVAs led to statistically significant main or interaction effects.
DISCUSSION
Two main findings were emphasized in the present study. First, patients with higher scores on pain intensity (VAS) and pain-related psychological factors (TSK, PCS) showed earlier latencies of different back and abdominal muscles compared with patients with lower scores. Second, the "light/2-choice" condition produced delayed latencies compared with the 2 "self-initiated" conditions. Kinematics analyses of the arm motion confirmed that these 2 findings cannot be explained by a different way of performing the task.
The originality of this study is attributed not only to the use of patients with CLBP instead of healthy individuals to test the pain and attentional interference hypotheses but also to the comprehensive EMG assessment of back and abdominal muscles. Of major importance is that mainly the trunk muscles that met the APA criterion ( < 50 ms), or in other words the specific muscles that were selected (preprogrammed) by the CNS to counteract the effect of arm movement, were sensitive to the effect of pain-related variables and of increasing the attention demand. The present findings must be carefully interpreted in light of the study's limitations. The exploratory nature of this study required the consideration of 3 important painrelated variables (VAS, TSK, and PCS) and 4 experimental conditions manipulating pain attention. Moreover, 14 muscles were assessed for biomechanical reasons. Unfortunately, adjusting the a-level of the ANOVAs accordingly, to decrease the risk of obtaining false positive results, would FIGURE 3. Mean ( ± SD) preactivation levels (%RVE) corresponding to back muscles for which a statistically significant Attention main effect was detected. Statistically significant differences between pairs of experimental conditions are identified at the top of each graph. . Mean ( ± SD) preactivation levels (%RVE) corresponding to abdominal muscles for which a statistically significant Attention main effect was detected. Statistically significant differences between pairs of experimental conditions are identified at the top of each graph.
erroneously eliminate most of the significant findings. As this study is exploratory, we elected not to adjust the alevel. However, to avoid overinterpreting these results, only more consistent findings (on more than a few muscles; in line with a biomechanical or psychological rationale) will be emphasized in the discussion. In keeping with this reasoning, the interaction between pain and attentional interference, although of special interest, will not be discussed because only a few inconsistent interactions of relatively small amplitude were found (not shown). Still, the reader is reminded to interpret these results cautiously.
Another limitation is the subgrouping of participants with the use of different questionnaires (VAS, TSK, and PCS), which led to partially different patients in each "low" and "high" subgroup, making it difficult to interpret the relative effect of these pain-related variables with the use of different ANOVAs. However, the regression analyses allowed this problem to be partially circumvented. The lack of a control group also impedes the interpretation of these findings in terms of what represents abnormal APA or pain attentional responses. The inclusion criteria potentially led to the selection of higher functioning patients compared with CLBP patients in general. Also, this cross-sectional design prevented any inferential or causative links between the investigated variables. Different findings could be obtained in deep trunk muscles with the use of fine-wire EMG electrodes. Finally, most of the effects observed were relatively small.
Effect of Pain Interference (VAS, TSK, and PCS Subgroups) on Neuromuscular Function
Earlier latencies and higher preactivation amplitudes were observed in patients showing higher VAS, TSK, and PCS scores for different trunk muscles. These findings apparently contradict studies showing delayed (instead of earlier) muscle activation of deep trunk muscles (TrA and LM) in patients with CLBP relative to controls 4, 39 or when the experimental pain model (injection of hypertonic saline) is applied in healthy individuals. 6 However, comparing subgroups of patients with CLBP is different from making patient/control comparisons, and comparing levels of clinical pain in patients with CLBP is different from inducing experimental pain in healthy individuals. To the authors' knowledge, there are no studies reporting correlation results between pain intensity and latencies, which renders the present results unique but difficult to interpret.
First of all, the earlier latencies observed in patients showing higher VAS, TSK, and PCS scores cannot be explained by pain behaviors, or in other words, do not support the fear-avoidance model, 23 because the arm movement characteristics (angular kinematics) were comparable between the subgroups. These results (earlier latencies) are also not in line with what is predicted by the pain interference hypothesis (delayed latencies). Moseley and Hodges 8 showed a progressively earlier activation of EO-right and delayed TrA/IO-right with repetitive painful electrical stimulation. Although our results did not show any correlation between these muscles (EO and TrA/IO on the right side) and VAS, statistically significant correlations were obtained with the other pain-related variables (TSK and PCS), with the direction of these correlations (Table 2 ) being in line with Moseley and Hodges' results. In contrast, the EO-left and TrA/ IO-left APA muscles behave differently. In fact, although the same effect (earlier activation in the VAS-high group) was observed for the EO-left, an opposite effect (relative to TrA/ IO-right) was obtained for TrA/IO-left (earlier activation in the VAS-high group). Unfortunately, Moseley and Hodges 8 did not record EMG on the left side (contralateral to arm movement), as deduced from their figure 1 (not explicitly mentioned in the text).
The multivariate regression analyses showed that VAS, TSK, and PCS can contribute alone or in combination to explain the latency variance, which supports the hypothesis that the emotional/cognitive value of pain might be as influential as pain intensity. Even though the explained variance was relatively small ( < 10%) in most of the cases, it was not negligible in others, with 15% to 24% of the explained variance (L3-left, EO-left, and TrA/IO-left). Interestingly, the regression models that were the most explanatory, in terms of latency variance, corresponded to APA muscles. However, although these results represent only an associative relationship (not a causal link), they suggest the possibility of an effect of pain-related variables on muscles targeted by the CNS to counteract the destabilizing effect of the right-arm movement.
It could be argued that the differences associated with the pain-related variables are more in line with the painadaptation model, 40 which predicts higher activation of antagonist muscles to reduce the amplitude and velocity of movement (guarding). In fact, these differences were observed mainly for well-positioned muscles (relative to the spine) to counteract trunk movement (forward flexion, right lateral flexion, and right torsion) induced by the rightarm flexion. 7 Furthermore, no such statistically significant differences were observed for the muscles not having these biomechanical requirements; only the significant correlation results going in the opposite direction. This suggests that a well-coordinated agonist/antagonist activation of trunk muscles was used to respond to pain or the threat of pain. An alternative explanation is that APAs and pain variables had changed for some other common reason. However, our EO results are not exactly in keeping with the pain-adaptation model because, according to what is expected for healthy individuals, 41 EO-right should have met the APA criterion (instead of EO-left) and responded to the pain-related variables, as only EO-right can counteract the arm movement effects.
Interestingly, a new theory to explain the adaptation to pain, which is consistent with principles proposed by the lumbar stability hypothesis 42 and does not predict stereotypical muscle activation changes due to pain (eg, painadaptation model), argues that muscle activation is redistributed between and within muscles in an individual and task-specific manner but with a common goal to protect the painful part from further pain or injury. 43 Our counterintuitive EO results (relative to healthy individuals) might be explained by the need of patients with CLBP to protect the painful area but are definitely difficult to explain.
Effect of Attentional Interference on Neuromuscular Function
Research about the modulation of attention on neuromuscular functions is scarce and heterogenous. Two studies have assessed the effect of distraction on the tolerance of chronic pain patients to sustain a muscle contraction, 44, 45 both showing an increased tolerance. Postural sway has also been studied in control individuals and patients with CLBP, 46, 47 showing a decrease in postural sway (more motion) when a cognitive dual task was added. Finally, a more salient decrease in the variability of thoraxpelvis motion (lumbar spine movement) was observed in patients with CLBP than in control individuals when a distraction cognitive task was introduced during gait. 48 Overall, these results suggest that patients with CLBP rely on a stronger cognitive regulation of more dynamic postural conditions. Dual-tasking interferes with motor control by tightening the variability of strategies to produce movement, or, in other words, by reducing the flexibility of the neuromuscular system, which is in keeping with the attentional interference hypothesis. In the present study, the manipulation of attentional interference did not change the primary task according to arm angular kinematics, thus rejecting the possibility that trunk muscle activation changeswhich will be discussed next-were explained by a different way of moving the arm.
Previous results showed that focusing attention on pain (eg, threat of pain) is associated with higher pain experience and that distraction from pain is associated with lower pain experience. 49 Consequently, the attentional interference hypothesis was first tested by contrasting the selfinitiated/pain condition, which asked that attention be focused on pain, with the other conditions that have the potential to distract from pain. However, although not shown, no significant Group ÂAttention interaction supported this hypothesis, and focusing on pain ("self-initiated/pain" condition) during the task did not make any difference. This is not so surprising considering that this task cannot be as threatening as an unknown painful electrostimulation as previously applied. 8, 10 Also, patients with CLBP experience a well-known pain of relatively low to moderate intensity, and the few rapid arm movements performed at the beginning of the protocol had likely reduced, if not completely eliminated, fears of movement/pain associated with such a movement. However, this manipulation has the merit of being more like situations of daily living (external validity) compared with the threat of electrostimulation. Consequently, in activities of daily living, focusing on pain might not generate faulty activation patterns, even in patients having higher scores on pain-related variables. Indeed, this hypothesis has to be tested during different tasks before providing a more definitive conclusion. Interestingly, these patients demonstrated that attention directed on pain had an effect on back muscle temporal recruitment during a deep trunk flexion-extension task, and that this relationship differed between pain groups. 50 The attentional interference hypothesis was also tested by varying the task load (light and light/2-choice conditions) and cognitive load (light/2-digit and light/4-digit) so as to test different ways of involving attentional processes relative to the control (self-initiated) condition. First of all, the RT results revealed that the "light/2-choice" condition was more complex than the other "distraction" tasks, which likely explains why only this task (except for the "light/ 4-digit" for the L5-right electrode site) sufficiently delayed the APAs to reach statistical significance. These results, which were further confirmed by the preactivation amplitude analyses (different analytical approach), supported the attentional interference hypothesis. These results are also in line with previous results showing a change in motor planning because of an increase in task complexity. 51 In fact, mainly the muscles meeting the APA criterion, or in other words the muscles that were targeted in the motor planning process of the CNS, were significantly delayed by adding this extra task load on the CNS.
Previous findings showed earlier activation of TrA and deep LM in healthy individuals (but without pain) using a cognitively demanding Stroop test. 6 The Stroop test is likely more cognitively demanding than our 2-or 4-digit recall tasks, which may explain our negative findings. In contrast, the cognitive tasks performed in the present study might be more like situations of daily living (external validity). Also, if one takes the point of view that greater task complexity inherently involves a greater cognitive effort and in turn involves the same CNS processes, the present findings (light/ 2-choice = delayed APAs) would be opposite to the previous findings (Stroop test = earlier APAs) observed in healthy individuals. 6 A possible explanation is that participants experiencing "clinical" pain have more limited CNS resources available, with pain processing taking some of these resources, to the extent that the control of a task that appears simplistic (or automatic) in terms of motor control can be affected. However, our findings and Moseley et al's 6 results must be compared cautiously because intramuscular EMG was used, which allowed the monitoring of some deeper trunk muscles, and although not explicitly mentioned in their paper, EMG was not recorded on the muscles contralateral to the arm movement (see their Figure 1 ), whereas we obtained statistically significant findings.
Clinical Significance
The effects of pain-related variables on trunk muscle latencies were relatively small (range: 14 to 29 ms), with the significant correlations between latencies and VAS, TSK, or PCS all being > À0.26 (closer to 0), although correlations computed for the self-initiated and light/2-choice conditions reached slightly higher values (up to À 0.45; results not shown). However, the regression models have shown that pain-related variables can explain up to 24% of latency variance, which is not negligible. The present findings on the effect of distraction suggest that at least a non-negligible part (up to 35 ms for the left TrA/OI) of the delayed activation substantiated in patients with CLBP (about 100 ms as assessed with the use of surface electrodes 52 ) might be attributable to pain attention, possibly in addition to the adoption of an alternate postural strategy. 9 Whether or not these small effects have clinical/physiological relevance in terms of the resulting mechanical loads applied on the different passive lumbar spine structures is unknown. This would require the use of dynamic imaging techniques such as fluoroscopy 53 or a highly detailed biomechanical model 54, 55 ; however, each of these methods might not be sufficiently developed yet, which may explain why the study of the lumbar spine mechanical response to a rapid arm movement has not begun. Whether or not differences observed on a single muscle (eg, TrA) has a mechanical impact is controversial, 41, 56, 57 but the net mechanical effect of differences observed in many muscles might be much more important.
If we assume that these small trunk muscle activation differences have a significant mechanical effect, patients with CLBP who are characterized by higher scores on some painrelated variables (VAS, TSK, and PCS) apparently react favorably (earlier latencies) to protect the spine from further pain and injuries. However, simultaneously performing another complex task, which put additional load on the CNS, had an opposite effect (delayed APA latencies). These opposite effects are in line with findings showing that pain and attention are processed by different CNS resources. 13, 14 This suggests that patients with CLBP who perform a complex physical task requiring more attention demand at home or at work might be at greater risk of injury. In other words, we hypothesize that this represents another element of a potential pathophysiological mechanism that could lead to recurrent back pain. 4 
